Molecular dynamics (MD) simulation has been widely used as a very useful method for the calculation of thermodynamic, structural and transport properties for the molten slags and fluxes at high temperatures. In this study, MD simulation using the Born-Mayer-Huggins type pairwise potential with partial ionic charges has been used to calculate the thermodynamic, structural and transport properties for the FeO-SiO 2 system. The calculated structural properties such as pair distribution functions and fractions of bonding types of oxygen (bridging, non-bridging and free oxygen) with silicon atoms in FeO-SiO 2 melts were in good agreement with previously measured and estimated results, and also the self-diffusion coefficients of iron, silicon and oxygen have been calculated at various temperatures and compositions. The enthalpy, entropy and Gibbs energy of mixing for the FeO-SiO 2 system were calculated based on the thermodynamic and structural parameters obtained from MD simulation. The phase diagram for the FeO-SiO 2 system estimated by calculated Gibbs energy of mixing shows good agreement with observed result in the range from pure iron to fayalite, and the liquid-liquid immiscibility region in the FeO-SiO 2 system has also been assessed by MD calculation.
Introduction
In recent years, the thermodynamic properties for the multiphase molten slags and fluxes are generally calculated from the computational thermodynamics modeling by using computer-based software packages such as FactSage 1, 2) and Thermo-Calc.
3) These calculation methods require the experimentally measured databases for the calculation of thermodynamic properties of multiphase systems. Therefore, the application of these methods can be limited. On the other hand, molecular dynamics (MD) simulation is to calculate the various physicochemical properties based on the dynamic quantities of individual particles in the solid and fluid simulation cells with optimized potential models and calculation algorithms without any basic database. Therefore, the thermodynamic, structural and transport properties at high temperatures, which are difficult to measure by experimental methods can be effectively estimated.
The MD calculations for silicate systems have been performed by several researchers using various potential models for the estimation of realistic structural and thermodynamic properties at high temperatures. Belashchenko 4) reported the various structural properties of non-crystalline oxide systems by the MD calculation, and these results of calculation are in good agreement with experimentally measured results. Belonoshko et al. 5, 6) have successfully assessed the thermodynamic and structural properties for silica and magnesium silicates at various temperatures and pressures by using transferable pairwise interatomic potential model. Kiffer et al. 7) have calculated the structural incompatibilities and liquid-liquid phase separation in molten binary silicates with the rigid ion model. Takei et al. 8) have calculated the metastable immiscibility region in the Al 2 O 3 -SiO 2 system from the thermodynamic and structural data obtained by the MD simulation. In the previous work, we also successfully assessed the structural, transport and thermodynamic properties for BaO, CaO and CaF 2 binary systems 9) and CaO-SiO 2 system 10) by the MD calculation, and the phase diagrams for these systems were calculated based on the thermodynamic and structural parameters obtained by the MD calculation. These results of calculation show that the MD simulation is a useful method for the calculation of various physicochemical properties for the oxide and halide systems at high temperature.
In the present study, the effective potential model for the FeO-SiO 2 system with optimized parameters was determined. The thermodynamic, structural and transport properties for FeO, Fe 2 SiO 4 and FeO-SiO 2 melts were calculated by optimized potential model, which were compared with observed results. The phase diagram for the FeO-SiO 2 system, especially the liquid-liquid immiscibility region in the SiO 2 -rich region was estimated by the thermodynamic and structural parameters obtained from the MD calculation.
Molecular Dynamics Calculation

Interatomic potential
For the calculation of various physicochemical properties by using MD simulation, the interatomic potential is required to evaluate the total force on particles in system, and it is most important to obtain the exact calculation results. In this study, the interatomic potential energy was calculated by the summation of pairwise interactions between ions i and j that was the Busing approximation of Born-Mayer-Huggins form of eq. (1).
where r i j is the interatomic distance between ions i and j, q i is the valence of the ion i, e is the electron charge, f 0 is the standard force of 41.84 kJ nm À1 mol À1 , i and b i are repulsive radius and softness parameter of the ion i, c i is the van der Waals interaction parameter of the ion i, respectively. The interatomic potential terms of eq. (1) represent the Coulomb, short-range repulsion and van der Waals interactions, respectively. Three-body, high order interactions and angledependence terms are neglected in this study.
The interatomic potential parameters of SiO 2 for the FeOSiO 2 system in this study were taken from potential model by Tsuneyuki et al. 11) that has been derived by the ab initio Hertree-Fock self-consistent-field calculations for model clusters of silica. The effective charges for Si and O ions have been represented 2.4 and À1:2, respectively. The potential model reported by Tsuneyuki et al. has successfully reproduced the structural and dynamical properties for various silica polymorphs, glasses and molten SiO 2 , [11] [12] [13] [14] [15] [16] [17] and the thermodynamic properties such as phase transition of quartz.
18) The interatomic potential parameters for Fe-Fe and Fe-O pairs in the FeO-SiO 2 system were calculated by fitting the experimentally measured structural, transport and thermodynamic properties of FeO, Fe 2 SiO 4 and FeO-SiO 2 melts by fixing the interatomic potential parameters of Si and O pairs for SiO 2 by Tsuneyuki et al. In this study, the effective charge of Fe ions for the FeO-SiO 2 system was determined to be 1.2, in order to maintain electroneutrality in the simulation system. The interatomic potential parameters used in this study are listed in Table 1 .
Methods for calculation
The MD simulations were carried out using the isobaric and isothermal (N-p-T) ensemble. Temperature is controlled by velocity scaling method. Pressure is controlled by Parrinello and Rahmann method at atmospheric pressure. The periodic boundary conditions were employed for each simulation system. The long-range Coulomb interactions have been summated by Ewald method. The equations of motion were integrated by fifth-order Gear's predictorcorrector algorithm using a time step of 1 Â 10 À15 s. The atomic configurations of initial cells for solid phases were taken from the respective unit cell structures. The FeO crystal structure was composed of 1000 (Fe 500 and O 500) atoms according to an array of 5 Â 5 Â 5 unit cells of rocksalt structure (cubic, Fm " 3 3m). 19) The Fe 2 SiO 4 crystal structure was composed of 672 (Fe 192, Si 96 and O 384) atoms according to an array of 4 Â 2 Â 3 unit cells of Fe 2 SiO 4 (orthorhombic, Pbnm). 20) The initial atomic configurations for liquid phases were set to be random in the cubic cell. The total number of atoms was taken to be from 1000 to 1500. The densities of initial liquid cells were adopted to be 2200 to 6000 kg/m 3 based on the densities of solid FeO and silica glass at room temperature. For the calculation of FeO, Fe 2 SiO 4 and FeO-SiO 2 binary systems, the cell edge lengths of each initial cell are relaxed during MD runs, however, the shape of initial cells (cell angles) is preserved by allowing the cell to change isotropically. The run durations of all simulations were 30000 time steps. In the critical points such as phase transition temperatures, the simulations were carried out using long runs up to 200000 time steps. The simulations for solid phases were started from the room temperature structures of each solid crystal and then heated to the required temperatures. The liquid phases were heated to the initial temperature of 4000 K and thermalized during the 30000 time steps in order to stabilize the highly energetic atomic configurations of initial cells, and then were cooled stepwise from 4000 to 1400 K. In this study, the effect of cooling rate on the MD calculation results of all simulation systems has been verified using cooling rate of 0.1 K per step and relevant differences were not observed. Therefore, in this study, the effect of cooling rate was to be negligible. A more detailed description about MD calculation method is given in the previous papers. 9, 10) All MD calculations were carried out using WinMASPHYC program (Fujitsu).
Results and Discussion
Structural property
The structural stability of solid FeO and Fe 2 SiO 4 with potential model used in this study was assessed by calculation of structural parameters such as lattice constants, molar volumes and nearest-neighbor distances between ions at 300 K. The calculated structural parameters of solid FeO and Fe 2 SiO 4 at 300 K are reasonably well reproduced within negligible deviation with measured results 19, 20) as shown in Table 2 . Table 3 shows the structural parameters estimated from the pair distribution functions and running coordination numbers between ions in solid FeO just below melting point of 1650 K and molten FeO at 1700 K with measured results. 21, 22) The pair distribution function, g i j ðrÞ, and running coordination number, N ij ðRÞ, of the simulated system can be calculated by eqs. (2) and (3).
where hn ij ðr À Ár=2; r þ Ár=2Þi is the average number of ion j surrounding ion i in a spherical shell within r AE Ár=2, N i and N j are the total number of ions i and j, V is the volume of the system, i is the partial number density of ion i and R is the distance of the first minimum of g i j ðrÞ. The calculated nearest-neighbor distances and coordination numbers between ions for solid FeO are in good agreement with measured results by Waseda et al. 21, 22) In the case of molten FeO, Waseda et al. reported that the octahedral site is realistic with respect to the position of Fe 2þ ions based on the coordination number of Fe-O pairs, which was n Fe{O ¼ 5:7 atoms at r Fe{O ¼ 0:205 nm. However, the calculated nearestneighbor distance and coordination number of Fe-O pairs show a difference with measured results as shown in Table 3 . Table 1 Optimized interatomic potential parameters used for simulation. Thermodynamic and Structural Properties for the FeO-SiO 2 System by using Molecular Dynamics Calculation
These differences are considered due to the kinetic effect by high heating rate in this study. Nevertheless, MD calculation has successfully represented the nearest-neighbor distances and coordination numbers between ions in solid FeO just below melting point and molten FeO. 
21)
The degrees of polymerization in FeO-SiO 2 melts are assessed by the fractions of oxygen species such as bridging (O 0 ), non-bridging (O À ) and free (O 2À ) oxygen calculated as a function of composition. The cut-off distance between Si and O ions for the calculation of oxygen species was determined by minimum position of first peak in siliconoxygen pair distribution function, g Si{O ðrÞ. Figure 2 shows the silicon-oxygen pair distribution functions calculated as a function of composition at 1873 and 3000 K. These results represent that the silicon-oxygen pair distribution functions do not have special composition and temperature depend- ences in FeO-SiO 2 melts. Therefore, in this study, the cut-off distance between silicon and oxygen was determined to be 0.235 nm. Figure 3 shows the fractions of oxygen species (bridging, non-bridging and free oxygen) calculated as a function of composition at 1873 and 3000 K with the thermodynamic modeling result calculated from the equilibrium constant, eq. (5), of oxygen equilibrium reaction, eq. (4), in FeO-SiO 2 melts at 1873 K reported by Toop et al.
where (O À ), (O 0 ) and (O 2À ) are the equilibrium number of moles of non-bridging, bridging and free oxygen per mole of system. The calculated fractions of bridging and free oxygen show the increase and decrease with the increase of SiO 2 content, and the fraction of non-bridging oxygen represents the maximum value at about 40 mol% SiO 2 . These results are in good agreement with thermodynamic modeling result.
Transport property
The self-diffusion coefficients of iron, silicon and oxygen in FeO-SiO 2 melts can be estimated by the MD simulation, which were obtained from the slopes of mean square displacements (MSD) of each ion calculated as a function of time. The mean square displacements and self-diffusion coefficients of ions can be calculated by eqs. (6) and (7), respectively.
where rðtÞ and rð0Þ are the position of the ions at time, t and initial position of the ions at zero time, respectively, hi is the ensemble average and D is the self-diffusion coefficient. Figure 4 shows the calculated mean square displacements of Fe, Si and O ions in molten Fe 2 SiO 4 at 1600 K. These results show that the Fe ions diffuse more rapidly than Si and O ions in molten Fe 2 SiO 4 . Previously, various researchers have reported the self-diffusion coefficients of iron in Fe 2 SiO 4 melt. [24] [25] [26] [27] However, the self-diffusion coefficients of Fe, Si and O ions at various compositions and temperatures in FeO-SiO 2 melts are limited. Figure 5 shows the calculated self-diffusion coefficients of Fe, Si and O ions as a function of temperature in molten Fe 2 SiO 4 with observed results. [24] [25] [26] [27] The broken line in Fig. 5 is estimated by Agarwal et al. 24) based on the electrical conductivity of Fe 2 SiO 4 measured by Wejnarth.
27) The calculated self-diffusion coefficients of iron in molten Fe 2 SiO 4 have a difference within one order of magnitude from measured ones. However, the self-diffusion 
24)
DFe Yang et al.
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DFe DSi DO The enthalpies of solid and liquid FeO and Fe 2 SiO 4 were calculated as a function of temperature. The enthalpy of simulated system can be directly calculated from the internal energy, pressure and volume obtained by MD simulation. The calculated enthalpies are compared with observed results at the sufficiently high reference temperature above the Debye temperature to neglect the quantum correction terms in this study. The Debye temperature for oxides and silicates is typically from 800 to 1200 K. The enthalpy of simulated system, H T , can be calculated by eq. (8). The internal energy, U T , which is given by eq. (9), is obtained as the sum of kinetic and potential energies calculated by the MD simulation. The heat capacity at constant pressure, C p , can be calculated from the temperature dependence of enthalpy according to eq. (10) .
where N is the number of ions of system, k B is the Boltzmann constant and T is the absolute temperature. Figure 7 shows the calculated enthalpies of solid and liquid FeO with observed results 28) at reference temperature of 1000 K. The calculated melting temperature and enthalpy of fusion for FeO are 1670 AE 20 K and 25 kJ/mol, which show good agreement with observed results of 1650 K and 24 kJ/mol. Figure 8 shows the enthalpies of solid and liquid Fe 2 SiO 4 calculated as a function of temperature at reference temperature of 1000 K. The calculated melting temperature and enthalpy of fusion for Fe 2 SiO 4 are to be 1450 AE 20 K and 36 kJ/mol. The calculated melting temperature is in good agreement with measured result of 1490 K. 28) However, the calculated enthalpy of fusion is lower than measured results of 92 kJ/mol. 28) This difference is considered due to the several reasons such as the overestimation of Coulombic energy on the ion charges, polarization of the ions, crystalline field effect of iron ions and the kinetic effect by the high heating rate. However, it is not clear yet. Nevertheless, the MD calculation has successfully represented the temperature dependence of enthalpies of solid and liquid phases, in spite Table 4 .
Enthalpy of mixing for the FeO-SiO 2 system
The enthalpy of mixing for the FeO-SiO 2 system can be directly calculated by MD simulation at various compositions and temperatures. The enthalpy of mixing was calculated as a difference between the enthalpy of solution at certain composition and the sum of the enthalpies of pure components according to eq. (11).
where H A{B is the molar enthalpy of A and B binary solution, H
A and H B are the standard molar enthalpies of component A and B, X A and X B are the mole fractions of component A and B, respectively. Figure 9 shows the enthalpy of mixing for the FeO-SiO 2 system calculated as a function of composition at various temperatures. The enthalpy of mixing for the FeO-SiO 2 system calculated by MD method shows endothermic behavior. This result is in good agreement with the thermodynamic modeling results calculated by Lin et al., 29) Sastri et al. 30) and Rey.
31) The calculated enthalpy of mixing below 2000 K shows almost the same values within calculation error range of 2 kJ/mol in this study. However, the calculated enthalpy of mixing shows an abrupt positive variation in the silica-rich region from 2000 to 2700 K, and then decreases with increasing temperature. Figure 10 shows the enthalpies of mixing for the FeO-SiO 2 and CaO-SiO 2 10) systems calculated by MD simulation compared with thermodynamic modeling results estimated by previous researchers. 29, 30) These MD calculation results are in good agreement with thermodynamic modeling results. These results show that the MD calculation is a useful method for the calculation of enthalpies of mixing for the MO-SiO 2 systems, where M ¼ Ca, Mn, Fe, Pb and so forth.
Entropy of mixing for the FeO-SiO 2 system
For the calculation of entropy of mixing for the FeO-SiO 2 system, we assumed that each Si atom in FeO-SiO 2 melts is associated with four oxygen ions, and Si and O atoms are randomly distributed in the tetrahedral quasi-lattice site. The entropy of mixing has been calculated by using a quasi-lattice model suggested by Lin et al. 29) This model is expressed by multiplicity for the random distribution of O 2À ions and Si atoms on the lattice site ( 1 in eq. (12)) and that of bridging oxygen ions over neighboring Si-Si pair positions ( 2 in eq. (12)). The entropy of mixing according to 1 and 2 can be expressed as eq. (14). Thermodynamic and Structural Properties for the FeO-SiO 2 System by using Molecular Dynamics Calculation Figure 11 shows the calculated entropy of mixing for the FeO-SiO 2 system at 1873 K based on the fractions of oxygen species at each composition obtained by the MD simulation as shown in Fig. 3 with the results calculated by equilibrium constant (K 1873 K ¼ 0:17) of oxygen equilibrium reaction reported by Toop et al. 23) and thermodynamic modeling by Lin et al.
29)
The calculated entropy of mixing for the FeO-SiO 2 system is in good agreement with thermodynamic modeling results reported by previous researchers. The entropy of mixing has been successfully assessed by the fractions of oxygen species calculated from the MD simulation. 3.3.4 Gibbs energy of mixing for the FeO-SiO 2 system The Gibbs energy of mixing for the FeO-SiO 2 system was calculated from the enthalpy and entropy of mixing obtained by MD simulation. Figure 12 shows the calculated Gibbs energy of mixing as a function of composition at various temperatures for the FeO-SiO 2 system. The calculated Gibbs energy of mixing shows an apparent double minimum at the silica-rich region from about 2200 to 2700 K due to the effect of inflection points of enthalpy of mixing calculated by MD simulation. Figure 13 shows the calculated standard Gibbs energy of formation of solid Fe 2 SiO 4 from liquid FeO and SiO 2 , eq. (16), as a function of temperature. This calculation result is in good relationship with estimated 32) and observed 33) results within the allowable error range for the calculation of thermodynamic properties. Figure 14 shows the phase diagram for the FeO-SiO 2 system estimated by MD calculation with observed result. 34) In this study, the solid-liquid phase equilibrium in the SiO 2 -rich region for the FeO-SiO 2 system has not been clearly calculated. Because the potential model of Tsuneyuki et al. 11) adopted for the calculation of SiO 2 in this study has not exactly reproduced the thermodynamic properties such as solid phase transitions and fusion data of cristobalite. However, the calculated phase diagram is in good agreement with observed result in the range from pure iron to fayalite, and the liquid-liquid immiscibility region in the FeO-SiO 2 system has also been assessed by MD simulation. These calculation results conclude that the MD simulation with optimized potential model is a useful method for the calculation of thermodynamic properties and the estimation of phase diagrams for the molten silicate systems at high temperature.
Conclusions
The thermodynamic, structural and transport properties for the FeO-SiO 2 system were calculated by MD simulation using Born-Mayer-Huggins type potential model. The calculated thermodynamic and structural properties of FeO and Fe 2 SiO 4 successfully assessed the measured results. The calculated pair distribution functions and the fractions of oxygen species with silicon atoms were in good agreement with previously measured and estimated results. The selfdiffusion coefficients of Fe, Si and O ions in the Fe 2 SiO 4 and FeO-SiO 2 melts at various temperatures and compositions have been estimated from MD calculation. The enthalpy and entropy of mixing for the FeO-SiO 2 system can be calculated by the thermodynamic parameters obtained from MD calculation and quasi-lattice model based on the calculated fraction of oxygen species. The calculated phase diagram for the FeO-SiO 2 system shows good agreement with observed result in the range from pure iron to fayalite, and the liquidliquid immiscibility region in the FeO-SiO 2 system has also been assessed. These calculation results show that the MD simulation can be used for the calculation of structural, transport and thermodynamic properties and the estimation of phase diagrams for the silicate systems at high temperature. Thermodynamic and Structural Properties for the FeO-SiO 2 System by using Molecular Dynamics Calculation
